The aim of this study was to investigate the influence of right ventricular (RV) dysfunction on the response to cardiac resynchronization therapy (CRT) and the impact of CRT on RV function in a beagle model of heart failure (HF). Methods: Twenty-one beagles were implanted with transvenous cardiac pacemakers and underwent rapid RV pacing for 2 weeks at 260 bpm to induce HF. Dogs were subsequently divided into three groups that were either treated with bi-ventricular pacing (CRT group) or untreated (control group and HF group). Echocardiographic images were acquired at baseline, before CRT, and 4 weeks after CRT. Results: Left ventricular systolic function and synchrony (left ventricular internal dimensions, left ventricular end systolic volume [LVESV], left ventricular ejection fraction [LVEF], septal-to-posterior wall motion delay [SPWMD], and aorta pre-ejection interval and the pulmonary artery pre-ejection interval [|APEI-PPEI|]) were significantly improved in the CRT group compared with the HF group. RV myocardial performance index (MPI) and pulmonary artery systolic pressure deteriorated with left ventricular dysfunction and improved after CRT. RV outflow ESV, standard deviation of time to minimum systolic volume (Tmsv), and Tmsv% decreased in the CRT group compared with the HF group. LVESV, LVEF, SPWMD, and |APEI-PPEI| were significantly different between responders and nonresponders, while there was no difference about RV functional parameters. Conclusions: RV function deteriorated with left ventricular dysfunction and improved after CRT. RV function did not significantly influence the response to CRT. This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms. 
intRoduction
It is well established that cardiac resynchronization therapy (CRT) improves left ventricular ejection fraction (LVEF) in patients with heart failure (HF). [1, 2] However, uncertainty exists both about the effects of CRT on right ventricular (RV) function and how RV dysfunction affects the response to CRT [3] [4] [5] [6] [7] because of the difficulty in measuring RV parameters and heterogeneity of patients involved in the research in measures such as drug therapy, complication, and experimental ethics. Furthermore, the lack of control groups in some studies makes it difficult to distinguish treatment effects from the natural history of the disease. Accordingly, to investigate the relationship between CRT and RV, we studied a canine model combining rapid pacing-induced HF with CRT. [8, 9] The rapid pacing-induced HF in developing dilated cardiomyopathy (DCM) model has been commonly used due to its simplicity and convenience. HF was induced by 2 weeks of rapid pacing.
The modifications utilized in this study are summarized in Figure 1 .
Echocardiography is the most widely used method in the assessment of RV systolic function for its high availability and reproducibility. [10, 11] Two-dimensional (2D) echocardiography was mainly used in the assessment of RV regional systolic function in the longitudinal direction in previous studies. [12] [13] [14] However, the complete RV structure is difficult to display in one 2D view with the inflow and outflow sections perpendicular to each other. [15, 16] Real-time 3D echocardiography (RT3DE) is a novel echocardiographic method with the advantage of displaying the 3D anatomy of the right ventricle despite its irregular chamber shape, reflecting the effect of both longitudinal and transverse movements on RV systolic function simultaneously. [17] This advantage makes it superior to conventional 2D methods in RV functional assessment. Thus, the purposes of the present study were to assess RV function before and after CRT with RT3DE and to explore the relationship between RV functional parameters and CRT.
methods

Animals and groups
Twenty-four beagles aged 1.4 ± 0.5 years and weighing 14.8 ± 3.1 kg (Shanghai Jiagan biological Technology Company, Shanghai, China; Licence No. SCXK-Shanghai 2010-0028) were assigned to three groups: control group (n = 4), HF group (n = 8), and CRT group (n = 12). Experiments were performed using both male and female beagles at random. All animal experiments were approved by the Animal Care and Use Committee of Fudan University (Shanghai, China) in compliance with the "Guide for the Care and Use of Laboratory Animals" published by the National Academy Press (NIH Publication No. 85-23, revised 1996).
Surgical procedures
The beagles were fasted for 6 h and sedated with 3% pentobarbital sodium 30 mg/kg, and if necessary, intravenously injected succinylcholine 10 mg/kg to relax their muscles. All animals were intubated and mechanically ventilated with oxygen and underwent electrocardio monitoring before and during surgery. To better simulate the DCM model with complete left bundle branch block (LBBB), all dogs underwent left bundle branch ablation and implantation of a pacemaker in the supraclavicular area. Under the guidance of X line, an RV lead (CAPSURE SENSE 4074, Medtronic, USA) was sutured in the RV apex and a J type lead (MEMBRANE EX 1474K, Medtronic, USA) was sutured in the right atria (RA) appendage. Intracardiac electrograms were performed to ensure the electrodes were in the endocardium of the RA and RV. Appropriate lead position was acceptable for R-wave sensing above 10 mV and pacing threshold <2 V at 0.5 ms. The RV lead was connected with a single chamber pacemaker ventricular port (Medtronic 8626), without pacing. Beagles in the CRT group had their chests opened, allowing for an epicardial lead (CAPSUREEPI 4965, Medtronic, USA) sutured to the surface of left ventricular lateral wall and had a piece of myocardial tissue taken out for examination with a light and electron microscope. Then, all leads were connected to the CRT pacemaker (INSYNC III8042, Medtronic, USA). Pacing was initiated in the CRT group only. After 4 weeks of pacing, animals receiving CRT were further divided into two subgroups on the basis of their response to CRT. The LVEF of dogs in the HF group was spontaneously improved and peaked at 49.6% by 4 weeks. Thus, LVEF >49.6% was considered as a positive response to CRT after 4 weeks of resynchronization therapy in the CRT group. Animals in CRT group were then classified as "responders" or "nonresponders" to the biventricular treatment [ Figure 1 ].
Pacemaker program
The animals were allowed a 1-week period recovery from the effect of surgery; following that pacing was started. The electrocardiogram (ECG) was taken after the program. The HF and CRT group opened Medtronic program, entered the program interface, and set the parameters of Brady. After 2 weeks of pacing, the CRT group changed the pacemaker.
Observation indicators Baseline characteristics
The operation success rate and exposure time were observed. The respiratory, heart rate, activity, and urine volume were observed, and the following symptoms of lethargy, decreased activity, fluid retention, or tachypnea were defined as clinical HF.
Myocardial microscopic evaluation
After rapid RV pacing for 2 weeks, LV anterior wall cardiac samples were obtained. Some were stained with hematoxylin and eosin (HE) to assess myofilament, and the others were used for electron microscopy to image mitochondria in the HF group.
Echocardiography
Echocardiography was performed using a commercially available system (Philips Medical Systems) at baseline, after 2 weeks of pacing, and at the conclusion of pacing at 4 weeks (6 weeks from baseline). Conventional left and RV echocardiographic parameters were evaluated using criteria standardized by the American Society of Echocardiography. [17] All the echocardiographic measurements were made during normal sinus rhythm. RT3DE was performed in all subjects after a 2D examination using an iE33 ultrasound machine with an X5-1 matrix-array transducer. RV3DE images were acquired in a full-volume set in the apical four-chamber view. The acquisition of RV3DE images was conducted twice, with a time interval of 5 min, and the acquired images were stored on a compact disc. Postprocessing of RT3DE images was performed using a TomTec workstation with 4D analysis software (Echo View, TomTec Imaging Systems GmbH, Munich, Germany). The software analyzed RT3DE images in a semiautomatic way. With the observer manually tracing end-diastolic and end-systolic frames in the sagittal, four-chamber, and coronal views obtained from RT3DE Figure 1 : Timeline of pacing protocols in each of the canine models: control, heart failure, and cardiac resynchronization therapy images, the software automatically traced the RV inner border during one heart cycle, recording RV chamber volume changes, calculating RV global end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), and EF, and developing an immediate report. At the same time, the 3D chamber of the right ventricle was divided into three parts, the inflow, body, and outflow compartments, on the basis of the RV surface landmarks automatically by the software [ Figure 2 ]. These landmarks were defined at 50% of the distance between the point of the tricuspid annulus, the apical point, and the point of the pulmonary annulus. We converted the digital record of RV regional volumes over one heart cycle into a spreadsheet to form a volume-time curve. The maximum and minimum values of regional volumes were detected as regional EDV and ESV. Regional SV and EF were then calculated as the difference and the percentage change of EDV and ESV, respectively. We analyzed the digital record of RV regional volumes over one heart cycle, and then got RV regional time to minimum systolic volume (Tmsv), Tmsv corrected by heart rate (Tmsv%) and standard deviations (SDs) of Tmsv and Tmsv% in three RV segments. A single reader performed all interpretations of the echocardiographic findings and was blinded to the pacing assignment of the animals.
Statistical analysis
All data are expressed in mean ± SD. Statistical analyses were performed using SPSS v19.0 software package (SPSS, Inc., Chicago, IL, USA). Comparison between groups was performed with the t or t-test for measurement data. A probability value <0.05 was considered statistically significant.
Results
Baseline characteristics
These modifications utilized in this study are summarized in Figure 1 . Twenty-four beagles underwent device implantation without surgical complications. Two beagles in HF group died of severe HF and one in the CRT group died of infection. The success rate was 87.5% (21/24) . The beagles in the HF group had signs of overt HF such as lethargy, decreased activity, or tachypnea. ECG after ablation showed LBBB with wide QRS duration. HE staining showed that myocardial of HF beagles had small vascular congestion, myofilament thinning, and disorganization compared to control animals. Electron microscopy showed that HF beagles' mitochondria were swollen and the number of mitochondria had decreased compared to control animals [ Figure 3 ]. Using these measures, we determined that the canine model of HF was successful.
Comparison of two-dimensional-echocardiographic parameters of left ventricular and right ventricular between the three groups
The 2D echocardiographic parameters of LV and RV are presented in Table 1 . LVEF and myocardial performance index (MPI) showed a significant increase in the CRT group than in the HF group by 4 weeks after the initiation of biventricular pacing (P < 0.05). Left ventricular internal dimension systole at end-diastole, left ventricular ESV (LVESV), septal-to-posterior wall motion delay (SPWMD), the absolute difference of the aorta pre-ejection interval and the pulmonary artery pre-ejection interval (|APEI-PPEI|), and pulmonary artery systolic pressure (PASP) were significantly decreased in the CRT group compared to the HF group by 4 weeks after the initiation of biventricular pacing (ALL P < 0.05).
Comparison three-dimensional-right ventricular parameters between the three groups
RT3DE images of the right ventricle were successfully analyzed in 20 of the 21 baseline (95.2%), 18 of the 21 before CRT (85.7%), and 17 of the 21 CRT (81.0%). RT3DE parameters regarding RV regional systolic function and dyssynchrony are summarized in Table 2 . Outflow ESV (7.2 ± 4.1 ml vs. 4.4 ± 2.1 ml), SD of Tmsv (30.9 ± 24.6 ms vs. 8.0 ± 7.3 ms), and Tmsv% (0.07 ± 0.05 vs. 0.02 ± 0.01) were significantly decreased in the CRT group than in the HF group by 4 weeks after the initiation of biventricular pacing (ALL P < 0.05).
Comparisons between responders and nonresponders in the cardiac resynchronization therapy group
Since the LVEF of dogs in the HF group was spontaneously improved after rapid RV pacing and peaked at 49.6% by 4 weeks after the pacemaker was turned off, we defined LVEF >49.6% as the cutoff point for distinguishing the responders or nonresponders to CRT. Six dogs (54.5%) in the CRT group were found to be effectively treated by the therapy, and the other five canines were designated nonresponders. As expected, LVESV (33.2 ± 5.1 ml vs. 26.8 ± 3.4 ml), LVEF (40.9% ± 3.2% vs. 31.6% ± 5.8%), SPWMD (137.1 ± 35.1 ms vs. 83.7 ± 41.2 ms), and |APEI-PPEI| (28.4 ± 13.7 ms vs. 15.8 ± 11.4 ms) differed significantly between the responders and nonresponders before CRT (ALL, P < 0.05), whereas no significant differences in RV parameters were observed [ Figure 4 ].
Three-dimensional-right ventricular reproducibility
Intraobserver coefficients of variation for body EF, outflow EF, inflow EF, global EF, and the SDs of Tmsv and Tmsv% were 16% ± 18%, 17% ± 19%, 8% ± 8%, 8% ± 7%, 7% ± 9%, and 7% ± 7%, respectively. Corresponding interobserver coefficients of variation were 16% ± 13%, 26% ± 26%, 16% ± 11%, 9% ± 9%, 8% ± 7%, and 8% ± 6%, respectively.
discussion
The main results of our study were that CRT seems to have no significant acute effect on RVEF and only improvement in MPI and RV dyssynchrony, which improved to a lesser extent than LVEF. Furthermore, RV function at baseline was less likely to affect response to CRT. To the best of our knowledge, this is the first large-animal study using RTSDE that has determined the relationship between RV function and the outcome of CRT. Furthermore we also considered the impact of biventricular pacing on RV regional systolic function.
Improvement in right ventricular function by cardiac resynchronization therapy
CRT might be expected to improve RV function by lowering left atrial and pulmonary artery pressures due to improvements in LV function and mitral regurgitation. [18] [19] [20] However, pacing leads might interfere with tricuspid valve function and RV apical pacing might impair RV function. [21, 22] We identified [23, 24] but not all, [20, 25] observational studies. PASP was significantly decreased in the CRT group. MPI is a new, sensitive parameter for ventricular contractile function that has been evaluated in a variety of experimental and clinical settings. [26] Several studies [19, 27, 28] have shown that small changes in contractile function can be detected by measuring MPI, while changes in preload and afterload within the physiological range did not affect this parameter.
In our study, RV dyssynchrony was significantly improved after CRT when compared to the HF group. There may be mechanisms that influence RV function and remodeling following CRT implantation. It was established that electrical resynchronization by CRT reduces LBBB-induced dyssynchrony seen between the two ventricles and also intraventricular dyssynchrony within the left ventricle. [29] Rajagopalan [20] postulated that CRT may improve the coordination of the contractility of the right ventricle, which translates to functional improvement.
Baseline right ventricular function and response to cardiac resynchronization therapy
The effect of RV function on CRT has not been well studied, partially owing to difficulty in measuring this parameter. In the current study, RV function at baseline was less likely to affect the response to CRT and in contrast to Damy, [22] did not diminish the prognostic benefits of CRT. However, several observational studies [5, 6, 30] have suggested that patients with RV dysfunction receive less prognostic benefit from CRT. The problem with observational studies is that they are unable to distinguish between outcome with treatment and response to it. RV ejection fraction is an imperfect measure of RV systolic function as it is dependent on loading conditions and thus affected by volume status, pulmonary pressure, and tricuspid regurgitation, none of which were specifically evaluated in these studies. These factors were well balanced in our study.
The precise interplay between RV function and CRT is not fully understood. Our proposed mechanism for the beneficial effects of CRT on RV function is ventricular reverse remodeling. A decline in ventricular volumes and improvement of systolic function might improve RV filling and thereby improve RV systolic function. In clinical settings, the development of RV systolic dysfunction in HF has various causes. But to understand the precise mechanisms still requires further investigation.
Limitations
We relied on a clinically relevant large animal model. Therefore, the number of subjects per group (especially the nonresponder subgroup in CRT group) was by necessity limited when compared to rodent studies. RT3DE is limited by sector width, which might affect imaging of the entire RV free wall. The comparison of real-time 3D echocardiographic regional systolic function data with a reference method was not performed. Further investigation will be needed to evaluate the association between RV function and CRT in other HF model. As with any other animal study, our preclinical findings will require validation in humans before they can be appropriately translated to clinical applications.
conclusions
Our study indicates that CRT improves left-sided systolic function to a greater extent than right-sided systolic function, which seems logical from a mechanistic synchronism point of view. Baseline RV function seems to have no impact on response to CRT, but this parameter needs to be further explored before clinical applications. The challenge remains in finding a parameter that accurately evaluates RV function as predictivity of response to CRT.
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